STANDARD methods for the estimation of oxygen concentration cannot be used when the gaseous mixture contains components which are very soluble in water. This is because the measurement of the fractional change in volume or pressure which occurs on the removal of oxygen is complicated by the solubility of the water-soluble components in the absorbing reagent. The problem has been especially trying for anaesthetists because of their frequent use of nitrous oxideoxygen mixtures. We have attempted to overcome the difficulty by making use of the reaction employed by Exton, Schattner, Korman and Rose (1945) in their method for the estimation of the oxygen content of whole blood.
The apparatus, illustrated in figure 1, consists essentially of a small gas burette contained in a water-jacket. The burette has two bulbs and is made from 1-mm Pyrex capillary tubing. These bulbs are intended to contain approximately 0.15 440 ml and 0.4 ml respectively and the volume of gas analyzed is dependent upon the oxygen concentration in the mixture. Calibration is effected by the repeated analysis of air or oxygen. Introduction of the sample is achieved by manipulation of a mercury reservoir and taps and this measured volume of gas is ejected into a syringe containing ferrous hydroxide reagent. Tap A3 is a two-way tap with an L-shaped plug. In "open position 1", the burette is connected to the sample inlet. In "open position 2", the reservoir R2 is connected to the sample inlet. To perform an analysis, taps Al and A2 are opened and A3 is turned to "open position 1". The reservoir Rl is raised to fill the burette, taps and side-tube with mercury. Tap Al is dosed. The vessel containing the gas sample is attached to the Inlet I. In our apparatus this consists of a perspex adaptor designed to hold a Record syringe. Tap Al is opened and the reservoir Rl is lowered to draw in slightly more than the desired volume of sample. Taps Al and A3 are closed, the sample is allowed to attain temperature equilibrium and the screwclip C is adjusted so that the mercury meniscus stands exactly at the chosen mark in the burette. Tap A2 is now closed. The gas sample is at slight supra-atmospheric pressure so tap A3 is opened briefly to allow the gas to reduce to atmospheric pressure. Tap A3 is then rotated to "open position 2" and the tap-bore and side-tube are filled with mercury. This tap is now closed. A syringe containing air-free ferrous hydroxide reagent is applied to the adaptor. Taps Al, A2, and A3 are opened (in this order) and the whole of the gas sample, together with a little mercury, is displaced under positive pressure into the reaction syringe. All taps are closed. The gas is entrapped in the syringe which is then cautiously removed. A little mercury is displaced from it and a mercury-filled, Fio. 1 sealed-off needle-hub applied to exclude air. The syringe is shaken mechanically in a transverse plane for 15 minutes. At the end of this time, 2 ml of sulphosalycylic acid reagent are drawn into the syringe and this immediately terminates the reaction. After this stage the solution can be safely exposed to the air. The colour complex develops to its maximum in 1 minute and the contents of the syringe are transferred into a measuring cylinder with three washings of water, each of 5 ml. The solution is diluted to a known volume, the optical density of the colour is determined in a convenient colorimeter and this is compared with a standard solution of ammonium ferric sulphate. We have employed both the Unicam SP600 and the EEL portable colorimeter, using a wavelength of 500 mj. or the yellow-green filter No. 626. With the EEL it is advisable to adjust the dilution of both standard and unknown solutions so that the optical densities fall within the same narrow range on the galvanometer. In this way some of the advantages of a null method are secured. Calibration curves prepared on the Unicam SP600 and the EEL colorimeter are shown in figure 2. The optical density of the ferric sulphosalicylate complex solution varies in accordance with Beer's law. In this instance the calibration curves were prepared by serial dilution of a stock standard of ammonium ferric sulphate, adding 2 ml of sulphosalicylic acid reagent and adjusting the volume to 10 ml. One thousand micrograms of iron are equivalent to 144 jig of oxygen, the mass of 100 ,j.l of the gas at S.T.P. Although the description of the method is lengthy the method in practice is straightforward and rapid, and it is particularly suitable for serial analysis. Measurement of the gas sample requires 2 minutes. If reagent syringes and a suitable shaker are available, several samples can be dealt with simultaneously at this stage. The introduction of sulphosalicylic acid, dilution and estimation of optical density needs about 2 minutes for each sample.
PREPARATION OF REAGENTS
The reagent solutions necessarily contain small amounts of dissolved oxygen. It is therefore essential to determine a reagent blank with each batch of analyses. Nevertheless, for maximum sensitivity of the method it is desirable that the optical density of the blank should be as low as possible, and this can be achieved by preparing the ferrous hydroxide, free from air, in the following manner.
A solution of borax, 2 per cent w/v, is made from Analar grade hydrated sodium tetraborate. To this solution is added 0.5 per cent v/v Iissapol. The purpose of this "wetting agent" is to ensure that the gas in the syringe will disperse freely. This has been shown to increase the rate of solution of the oxygen in the reagent very materially. We have tried various methods of removing oxygen from the borax solution. Boiling under reflux and reduced pressure with subsequent storage under liquid paraffin was found to be unsatisfactory. We now bubble a stream of nitrogen through the borax solution. The nitrogen is freed from any residual oxygen by passing it first through alkaline pyrogallol solution.
A solution of ferrous sulphate, 10 per cent w/v is prepared from the Analar grade hydrated salt The solution is boiled gently for 1 minute to facilitate the removal of oxygen in solution as insoluble ferric hydroxide. The loss of ferrous iron by this procedure is unimportant. The oxygenfree ferrous sulphate is transferred to a centrifuge tube, covered with liquid paraffin and centrifuged to remove insoluble material. The reagent is best prepared fresh each day.
To prepare the ferrous hydroxide reagent approximately 5 ml of oxygen-free borax solution are sucked into a 10-ml all-glass syringe containing a glass bead The solution is introduced through a long fine-bore needle. Gentle suction on the syringe is usually sufficient to prevent air bubbles forming, but any minute bubbles are quickly displaced by rotation of the glass bead and ejected. This solution is rejected and the procedure is repeated leaving approximately 1 ml of borax solution in the syringe. One millilitre of ferrous sulphate is next introduced directly from the centrifuge tube, avoiding disturbance of the packed precipitate. This is followed by a further 4 ml of borax solution. These volumes are not critical and may be measured by the graduations on the syringe. The needle is left in place and the contents are mixed by rotation. The syringe is now ready for use as previously described.
Sulphosalicylic acid reagent 25 per cent w/v is prepared from Analar grade hydrated acid. It need not be airfree.
A standard solution of ferric iron, used for the calibration curve and as a reference solution, is prepared from Analar ammonium ferric sulphate. A convenient stock standard solution contains 300 ng of ferric iron per millilitre and to it is added 4 ml of sulphosalicylic acid reagent in each 100 ml. The acid is used to prevent decomposition of the iron alum solution. The solution is stable at room temperature and it appears to remain so for long periods. Appropriate dilutions are made prior to use.
DISCUSSION
In any method which depends upon the precise measurement of a gas volume, it is necessary to examine how accurately this may be done. Two burettes, A and B, have been used. Repeated analyses of air and oxygen for the calibration of each burette gave the results tabulated in table I. The consistency of these can be seen. Although the apparatus has been designed so that only gases and no liquids enter the burette, the presence of a soluble gas might conceivably interfere with this consistency if contamination of the burette with water occurred during use. To test the validity of this point, two mixtures containing nitrous oxide and oxygen were prepared and repeated analyses made from the same sample. The results are shown in table II. No serial error is apparent, there being no significant difference between the mean of the first and the last three estimations. Table HI shows the results of analyses of various mixtures of oxygen, nitrous oxide and of commercial grade carbon dioxide. All these mixtures were made by passing the gases through a watersealed gas meter and collecting them in 40-litre polythene bags.
The properties of the reaction whereby the colour complex is produced must also be examined. Ferrous hydroxide can be obtained as a white precipitate when a solution of a ferrous salt in oxygen-free water is treated with an alkali, but the precipitate is white only in the complete absence of oxygen. It very readily absorbs oxygen, becoming first a dirty green, then black and finally reddish brown in colour. The reaction requires suitable conditions of hydrogen ion concentration. A concentration of borax between 1 per cent and 3 per cent satisfies these conditions, a 2 per cent solution having a hydrogen ion concentration equivalent to pH 9.2.
Between pH 5.8 and pH 12.2, and in the presence of molar concentrations of each reagent, excess of oxygen leads to the formation of magnetite (Fe,O 4 ). However, under our experimental conditions it is necessary to have an excess of ferrous iron, and this results in incomplete oxidation and the probable formation of ferrousferrite (Fe(FeO,),). We did not determine the nature of this compound as it reacted quantitatively with sulphosalicylic acid.
Sulphosalicylic add is well known as a reagent for the estimation of ferric iron although some doubt exists as to the exact nature of the complex formed. The colour of this complex can be varied with change of pH. Foley and Anderson (1948) studied this problem and concluded that in solutions acid to pH 2.4, only one complex is formed and its stability is a function of the acidity of the solution due to change in the degree of ionization of the sulphonic acid grouping. We have observed no significant variation in the optical density of this acid complex when the concentration of sulphosalicylic acid is varied between 3 per cent and 30 per cent.
The formation of the ferric sulphosalicylate is complete within 1 minute and the colour remains stable for 24 hours. It is not affected by ordinary 
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daylight but is thermosensitive ( fig. 3 ), the change being reversible below 50 °C. It is apparent from figure 3 that the variation introduced in the normal range of room temperature is insignificant. If it was desirable to perform the analysis at a temperature above 22 "C, a calibration curve would have to be prepared at the appropriate temperature.
SUMMARY
(1) A method is described for the estimation of oxygen in gas mixtures containing nitrous oxide.
(2) The method appears to be specific for oxygen and it will detect less than 0.1 ng of oxygen.
(3) The method can easily be adapted to estimate oxygen over a wide range of concentration, and it requires 0.5 ml or less of gas for analysis.
